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ABSTRACT 
. The iron-hoLmium phase diagram was investigated to de-
termine the alloying behavior of these two metals and to de-
termine the magnetic properties of some of the iron-holmium 
alloys which formed intermediate phases. 
The iron-holmium pinary system was determined by three 
experimental techniques, differential thermal analysis (DTA), 
x-ray diffraction, and metallography. A phase diagram with 
three eutectic points and four intermediate phases was con-
structed from the experimental data. The two phases, Ho 6 Fe2 3 
and Ho2Fe17 1 melted congruently at 1332°C and 1343°C respec-
tively. HoFe2 and HoFes melted incongruently at 1288°C and 
1293"'C respective1y. 
Neutron diffraction investigations were made on the in-
·ter.mediate phases Ho6Fe2a and HoFe2 to obtain information on 
their magnetic structures. From the plots of magnetic order-
ing vs. temperature, the Curie temperature of HosFe23 w~s 
placed at 500°K, and that of HoFe2 at 600°K. Int.ensity calcu-
lations for the Ho6Fe2s data showed a ferrimagnetic structure 
with saturation moments of2 .. 25 and 9.3 llB for iron and holmium 
respectively. The magnetic: and chemical cells of HosFe 2 s were 
coincidental, while the magnetic cell of HoFe2. was approximate-
ly four times larger than its chemical ceii. 
ii 
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I. INTRODUCTION 
Due to the availability of high purity rare earth metals 
in the last few years, a great deal of interest has been gen-
erated in rare earth-transition metal binary systems, parti-
cularly in their magnetic properties and alloying behavior. 
Since the rare earth elements are very similar in physical, 
chemical and metallurgical properties, they are excellent 
examples to use in studies for improving existing magnetic 
structure and alloying theories. These similarities result 
from most of the rare earth elements having approximately 
the same ionic radius, a valence of +3, and partially filled 
4f electron orbitals. 
Some of the rare earth-transition metal alloys have 
potential as fine-particle permanent magnets. While all the 
rare earth elements have Curie points well below room tempera-
ture, many of the rare earth-transition metal alloys exhibit 
Curie points far above room temperature. 
The alloying behavior of the rare earth elements can be 
ascertained by studying a collection of rare earth binary 
systems. Of particular interest is the repetitive formation 
of certain intermediate phases in ~re earth binary systems. 
In rare earth alloy studies, because of similarities among 
the rare earth elements, most of the variables which d~fine 
alloys can be held constant as extra electrons are introduced 
by using higher atomic weight rare·earths. 
2 
The holmium-iron binary system was selected for this 
_investigation on the basis of magnetic and metallurgical 
considerations. Holmium has a calculated eff·ective magnetic 
moment of 10.6 Bohr magnetons per atom. No other rare earth 
\ 
. 
element has a higher calculated mome~t, and only dysprosium 
has a calculated value equal to that of holmium. A knowledge 
of the holmium-iron system is essential in determining the 
intermediate phases present and for preparing samples repre-
sentative of equilibrium conditions for use in magnetic 
studies. With the binary system determined, sample prepara-
tion, heat treating and the growing of single crystals would 
be simplified. 
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II. LITERATURE REVIEW · 
A knowledge of the behavior and compositional changes 
oJcurring with temperature is of vital importance when work-
ing with a binary metal system. Phase transition tempera-
tures in many binary systems are ascertained by differential 
thermal analysis techniques. An extensive study of the crys-
tal structures always accompanies the phase transition in-
vestigations of a particular binary system. After the crys-
tal structures are determined for the rare earth binary sys-
tems, a magnetic structures study of the intermediate phases 
is usually initiated. The magnetic structures of the rare 
earth binary systems are of interest because of the large 
magnetic moments possessed by many rare earth elements. 
For all of these investigations, metallography is helpful in 
identifying the phases present and determining homogeneity 
of individual samples. Therefore, differential thermal anal-
ysis, crystal structures, magnetic structures, and metallo-
graphy are reviewed. 
A. DIFFERENTIAL THERMAL ANALYSIS 
Differential thermal analysis (DTA) is a technique by 
which thermal effects, associated with physical or chemical 
changes, are measured as a sample is heated or cooled. By 
use of this techniqile the ~ample t~perature is continuously 
compared with an inert refer~nc-ematerial temperature~ The 
temperature difference, if any exists, is re:corded as' a 
4 
function of furnace temperature. Experimentally, the tempera-
ture difference is obtained by connecting the sample thermo-
couple and reference thermocouple in qpposition so that a 
temperature difference is measured between two like wires. 
At a steady state the temperature difference between the 
sample and the inert reference material is constant. When 
the sample passes through a transition point, the amount of 
heat absorbed or liberated by the sample alters the rate of 
temperature change of the sample, while simultaneously the 
rate of temperature change of the inert reference material 
is constant. After the required amount of heat has been ab-
sorbed or liberated by the sample (corresponding to the mass 
and heat capacity of the sample}, the rate of temperature 
change of the sample returns to a constant va1ue. Therefore, 
each transition of the sample under investigation presents 
a peak or pattern irregularity in a temperature difference 
plot. 
By DTA techniques, the posi.ti.on of the liquidus and 
solidus in a binary system can be determined. Smothers and 
Chiang(!) have described a graphical means of locating an 
apparent transition point from .OTA data. Figure 1 illus-
trates this method where e~tensions are drawn to a point of 
intersection. Garn( 2 ) stated that quantitative treatment of 
differential thermal analysis curves was only possible by 
emp.irical methods~ Referring to Figure 1, Garn suggested 
that a return to the same DTA base line after a transition 
























B-NEVI BASE LINE 
Fig~re 1. Hypothetical DTA Curve 
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properties as the material goes through a phase transition. 
One of the principal experimental variables which can 
influence the shape of the DTA peak shown in Figure 1 is the 
furnace heating rate. In a review of fundamental developments 
in DTA work, Murphy( 3 ) has found that most published DTA re-
search reported constant heating rates from 8° to l5°C per 
minute. This review stated that the International Geological 
Co~gress of 1948 recol.Ilinended a heating rate of l0°C per min-
ute. Reportedly, a slower rate of heating gave a smaller 
variation of peaks above a DTA base line, while with faster 
heating rates, peaks became very intense but detail was lost. 
Wendlandt( 4 } has stated that the DTA curve was dependent 
on two general types of variables, instrumental factors and 
sample characteristics. Under instrumental factors were 
listed furnace atmosphere, furnace size and shape, sample 
holder material, sample holder geometry, wire and bead size 
of the thennocouple junction, he~ttnsr rC?-t~,. speed and response 
of the recording instrument and thermocouple location in the 
sample. Sample characteristics inc1uded heat capacity, thermal 
conductivity, packing density, particle size, swelling or 
shrinkage,amount,effect of diluent on and degree of crystal-
lin~ty of the sample. 
The equi.pment used in the prese;nt investigation has been 
described by Wiedemann(s). The DTA system of the Mettler ther-
moanalyzer is given together with a discussion of the high 
and low temperature furnaces, vacuum system, balance and 
temperature programmer. The accuracy of the programmer is 
7 
stated as ±0.5°C. ~he DTA crucible suppo~t used for the iron-
holmium investigation and a block schematic of the Mettler 
Thermoanalyzer are shown in Figures 2 and 3 respectively. 
The DTA results of the melting and freezing processes 
of pure metals have been reported by Wiedemann and Van Tets<s>. 
Calibration of a DTA apparatus was carried out using the 
melting points of silver, aluminum, lead, tin, bismuth and 
gallium. All measurements were conducted in a dynamic atmo-
sphere of dried and purified argon, with a flow rate of ap-
proximately 5 liters per hour. A constant gas flow rate was 
maintained during an entire run to eliminate variations in 
heat transfer. The melting processes were more suitable for 
calibrations than corresponding freezing processes. The freez-
ing processes showed a lack of reproducibility and without ex-
ception, supercooling occurred. 
McAdie{ 7 ) has summarized the recommendations of the stand-
ardization committee of the ~nternational Conference of Thermal 
Analysis (ICTA) for reporting thermal analysis data. Some of 
the information to accompany each DTA record was identifica-
tion of all substances, the source of all substances including 
details of their histories, identification of the sample atmo-
sphere by pressure, composit_ion, purity and flow rate, a 
statement of the dimensions, geometry·and materials of the 
sample holder, methods used to identify intermediate or final 
products, and sample weight. It was also stated that wherever 
possible each thermal effect should be supported by supple-
mentary evidence. 
8 
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Block Schematic of MettJ.er Thermoanalyzer 
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Buschow(e) reported the thermal analysis results of the 
Er-Co system shown in Figure 4. Because Er and Co are ad-
jacent to Ho and Fe respectively in the periodic chart, the 
general appearance of the unknown Ho-Fe system might be simi-
lar to the Er-Co binary system. Interesting characteristics 
of the Er-Co system from a DTA viewpoint were the relatively 
small separations in temperatures of the liquidus and solidus 
between 65 and 90 atomic percent cobalt and the presence of 
peritectic or incongruently melting intermediate compounds. 
In collections of rare earth binary alloy systems, Gschneidner 
(g), and Spedding and Daane(Io) have shown that most rare 
earth transition metal binary systems have incongruently melt-
ing intermediate compounds. Five rare earth-iron binary sys-
tems [La-Fe (g ' 1 0 ) , ce-Fe h 1 ' 1 2 ) , Y-Fe h 3 ) , Gd-Fe <r 4 ' 1 5 ) and 
Nd-Fe (I 6 } ) and three holmium-metal binary systems [Ho-Al (1 7 ) , 
Ho-Mn(Is) and Ho-Agh 9 )] have been determined. 
B. CRYSTAL STRUCTURES 
The first work on the crystal structures of intermediate 
phases present in the holmium-iron system was carried out by 
Nassau~ 0 >. Levitation melting was used for sample ~repara-
ticin, and the existence of two intermediate phases was re-
ported. A single phase HoFe2 alloy was indexed to be a cubic 
0 
Laves phase (ClS) a = 7.28 A. From a multiphase alloy of 
0 
HoFe5 stoichiometry, hexagonal lattice parameters of a = 4.86 A 
0 
and c - 4.10 A were reported for the HoFes intermediate com-
pound. HoFe 5 was· reported to have a CaZn 5 type structure. 
10 
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Figure 4. Erbium-Cqbalt Binary System 
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Melts prepared b.y Nassau that were of a hj,gher '\¥eight percent 
holmium than HoFe2 showed only Ho and HoFe2 phases present in 
the diffraction patterns. In a study ~f rare earth compounds 
. ( 2 1) 
w1th the MgCu2 structure, Wernick and Geller reported the 
0 
lattice parameter of HoFe 2 as a= 7.300 ± 0.005 A, while 
(22.) 0 Mansey, Raynor and Harris reported a = 7.2867 ± 0.0002 A. 
Kripyakevich and Frankevich(2.s) reported the existence 
• 0 
of a cubic intermediate phase Ho 6 Fe23 with a = 12.04 A. 
Ho6Fe2.3 crystallized with the Th 6 Mn2 3 structure. 
In a study of intermediate phases which occur in the 
transition metal-rich portions of the rare earth-transition 
metal binary systems, Ray< 24 ) found the Ho2Fe 17 phase in the 
holmium-iron system. Ho 2 Fe17 has the hexagonal Th2Ni11 struc-
0 
tural arrangement with lattice constants a = 8.460 A, c -
0 
8.278 A. In a study of individual rare earths alloyed with 
75 to 92.3 atomic percent iron, Kripyakevich, Frankevich and 
Zarechnyuk(2.s) reported finding Ho2Fe11 with the Th2Ni11 
structure. Buschow(2.s) reported lattice constants for Ho2Fe1 7 
0 0 
of a = 8.434 A and c = 8.284 A. 
O'Keefe, Roe, and James< 27 ) have conducted an x-ray in-
vestigation of the iron-holmium system to determine the inter-
mediate phases present. FoU:r phases·were found, HoFe2 a= 
7.305 ± 0.001, HoFe3 a = 5.084 and c = 24.45, Ho 6 Fe23 a= 
12.032 ± 0.001, and Ho2Fe17 a= 8.438 ±-0.001 and c- 8.310 
± 0.001. The phase HoFea crysta1lized in the space group 
R3m. Evidence was presented which indicated the previously 
reported HoFes phase(2.o) did not exist. 
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C. MAGNETIC STRUCTURES 
The most quantitative method for determining magnetic 
structures, especially when two or more magnetic species are 
present, is by neutron diffraction. 
Bacon( 2 s) has presented the fundamentals of neutron dif-
fraction, including basic theory, experimental techniques and 
calculation procedures. Specific examples of early magnetic 
·structure determinations utilizing neutron diffraction were 
also given. 
In regard to the magnetic properties of rare-earth metals, 
Koehler(29 ) showed that the saturation moments of Gd, Tb, Dy, 
and Ho slightly exceeded the values predicted from Hunds rule 
for the ground state, gJ. For example, holmium had a sat-
uration moment of 10.34 llf' while gJ = 10.0 l..lB· This data 
was obtained from saturation magnetization data measured par-
allel to the easy axis. The excess moment was thought to be 
attributed to polarization of the conduction electron. 
Lemaire( 3 o) has conducted the most comprehensive research 
on magnetic properties of rare earth-cobalt alloys. Figure 5, 
taken from his work, shows the neutron diffraction patterns at 
different temperatures for HoCo 2 • Small extra peaks were ob-
served in these patterns at low temperatures. In an investi-
gation of the magnetic structure of HoCo 2 , Moon, Koehler and 
Farrell( 31 ), also found small extra peaks at low temperatures. 
These peaks were thought to be at least partly magnetic in 
origin. HoCo2 was characterized as a ferrimagnet.:i..c structure 
with magnetic moments for cobalt and holmium, 1.0 l..lB and 9.5 l..lB 
13 
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Figure 5. Neutron Diffraction Patterns of HoCo2. 
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respectively. 
In the work done on the magnetic structure of iron-
holmium alloys, Nassau( 2 o) reported that the 'magnetization-
temperature curve of HoFe2 showed a Curie point at 6l0°K and 
was almost linear with falling temperature. Figure 6, taken 
from Nassau also showed a temperature hysteresis effect. 
Wallace( 32 ) also commented on HoFe2 , and stated it was a fer-
rimagnetic st~ucture with magnetic moments for iron and hol-
mium, 1.55 ~B and 8.2 ~B respectively. 
No magnetic studies have been done on· the magnetic struc-
tures of HoFe 3 and Ho6 Fe23 • DeSavage, et al.(aa) have deter-
. 
mined saturation moments of manganes~ w~th rare earth elements 
Srn, Nd, Gd, Tb, Dy, Ho, Er, Tm and Lu i.n compounds o.f the for-
mula R6Mn2a 1 where R represents a rare earth element. All of 
these compounds except Gd6Mn2a sh0wed antiparallel coupling 
between the manganese and rare earth 'moments·. 
Wallace (3 4 ) reported the Ho2Fe1 7 magnetic structure was 
ferrimagnetic with saturation magnetic moments of iron and 
hoLmium, 2.0 ~B and 9.5 pB respectively. 
D. METALLOGRAPHY 
.A summary of the metallographic techniques used on rare 
earth metals and their alloys has been given by Spedding and 
Daane( 1 ~). A 1 to 5% Nital etch was used in many rare earth-
transi ti<:!>n.·metal phase diagram investigations mentioned. 
Pet~rson and Hopkins{as) have developed a successful electro-
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Figure 6. MAGNETIZATION - TEMPERATURE CURVE OF HoFe2 1-' 
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perchloric acid in methanol, maintained at -76°C by a bath 
of dry ice and acetone. 
Ray< 24 ) conducted a metallographic investigation of the 
fron-rich portion of the iron-ho~ium binary system. Metal-
lographic procedures consisted of a rough grinding on silicon 
carbide papers, lapping with graded Al20a abrasives, and etch-
ing with a 1% Nital solution. Figures 7 and 8 show some of 
Ray's results. Figure'? was reported to consist of nearly 
100% eutectic. 
17 
Figure 7. As-Cast, Arc Melted, Ho-90.5 At. % Fe Alloy. 
1% Nital Etch. 250X. 
Figure 8. As-Cast, Arc Melted, Ho-79.3 At. % Fe Alloy. 
1% Nital Etch. 250X. 
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III. EXPERIMENTAL PROCEDURE 
A. MATERIALS USED 
l. Holmium. The metal was obtained from the Michigan 
Chemical Corporation, Saint Louis, Michigan and Lunex Company, 
Pleasant Valley, Iowa. The holmium from both sources was in 
bar form and had a purity of 99+%. 
2. Iron·. The iron was supplied by the United States 
Steel Corporation, Research Laboratory, Monroeville, Penn-
sylvania and had a purity of 99.9+%. The composition in 
weight percent is as follows: 
c 0.005 N -. 0.001 
Mn >0.01 Pb Res. 
p 0.005 Fe Balance 
s 0.010 
3. Copper. This metal was used for standarization of 
the DTA equipment and was supplied by Am~rican Smelting and 
Refining Company, Central Research Laboratories, ~outh Plain-
field, New Jersey. The copper was a special high purity of 
99.999+% and spectrographically pure. 
4. Iron-Holmium Alloys. Binary alloys of iron and 
holmium were prepared by either induction melting or arc 
melting. Approximately 25 samples, which have already been 
described in detail( 3 s), were prepared by induction melting. 
A total of 22 samples was arc melted at the U. S. Bureau 
of Mines, Rolla, Missouri, using a nonconsumable tungsten 
electrode. For arc melting, weighed samples of Ho and Fe were 
positioned on a water cooled, copper hearth. The melting 
chamber was evacuated to a pressure of 3 x lo-s torr and 
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then back filled with helium to a pressure of 3/4 atmosphere. 
In order to eliminate any residual oxygen, a piece of tita-
nium was melted in the arc furnace chamber just before the 
melting of each Fe-Ho alloy. The weights of the arc melted 
binary alloys ranged from 6.4 grams to 13.0 grams. 
B. DIFFERENTIAL THERMAL ANALYSIS 
A Mettler Thermoanalyzer unit was used for all DTA experi-
ments, and is shown in Figure 9. This equipment was described 
in detail by Wiedemann(s). 
Iron-holmium alloys with weights ranging from 0.100 grams 
to 0.200 grams were used as DTA samples. The samples weighing 
approximately 0.150 grams yielded the best results. For all 
DTA runs, a 60 mesh Norton Alundum sample, weighing 0.100 grams 
was used as a standard material~ Both the Alundum and iron-
holmium samples were placed in matching aluminum oxide cruci-
bles supported in the furnace chamber by an aluminum oxide 
stick which contained a DTA couple ap.d a furnace temperature 
control thermocouple. 
The furnace chamber was evacuated to a pressure of 2 x 
lo-s torr and then back filled to atmospheric pressure with 
dried and purified argon. All DTA runs were made in a dy-
namic argon gas flow rate of 0.250 liters per hour. Prior 
to en'tering the furnace cha.t-nber, the argon wa~ deoxidized by 
passing it over titanium sponge at approximately 800°C. To 
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£:1-ettler Thermoanalyzer Unit 
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further reduce the oxidation, small pieces of 0.005 inch thick 
high purity tantalum foil were placed on the tops of both al-
uminum oxide crucibles in the furnace chamber~ 
On heating the samples, a linear temperature rise was 
insured by means of an electromechani~al program controller. 
The accuracy of the program control was ±0.5°C, and the fur-
nace regulation accuracy was ±l.5°C. Various heating rates 
of 2, 4, 5, 6,_ 8, and l0°C per minute were tried. The best 
resolution of the D'I'A curves was obtained using heating ra·t.es 
of 8 and l0°C per minute. The DTA unit also had available 
heating rates of 15 and 25°C per minute, but these rates did 
not have the program control accuracy of ±0.5°C and were used 
only for initial heating and not in any range where a phase 
change was expected. 
For the recording of the differential thermal analysis 
data, an amplifierwas used which had ranges of 20 }lV, 50 }lV 1 
100 11V, 200 llV, 500 ).tV and l mv over a 10 inch chart width. 
Most of the data obtained in this investigation was within 
the 50 JlV range. 
For standardizationof the DTA couple and furnace temp-
erature control thermocouple, high purity copper samples of 
0.150_ grams were run in place of iron-holmium alloy samples. 
Six copper standardization runs, which indicate the melting 
point of copper as 1078 ±3°C, were made. Since the actual 
melting point o£ copper is l083°C, a correction of +5°C was 
made on all DTA data. 
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C. X-RAY DIFFRACTION 
X-ray diffraction techniques were used to identify the 
phases present in all "as-cast" alloys whether induction melt-
ed or arc cast. Also all the iron-holmium alloys were x-rayed 
after the DTA data were obtained. 
Particles were selected at random from various sections 
of a particular alloy sample and were crushed for use as x-ray 
diffraction samples. The powder was then screened through a 
325 mesh screen. 
The minus 325 mesh powder was mounted on a lithium-boron 
glass fiber which had been coated with a thin uniform layer 
of oil or was sealed in a glass capillary of 0.3 mm diameter. 
Glass capillaries were used for all alloys which had a hol-
mium composition greater than 65 weight percent holmium to 
minimize oxidation. Samples of compositions from 100 to 
65 weight percent holmium had to be stress relieved at 200°C 
for 48 hours before good diffraction patterns were obtained. 
Glass capillaries containing samples for the stress relieving 
treatment were sealed in a vacuum to prevent an explosion of 
the capillaries on heating. 
After mounting or encapsulation, the best portion of the 
sample was aligned and centered in the camera. The film was 
loaded into the powder camera in an asynmetric position. By 
use of the asymmetric diffraction technique the front and 
back reflection angles can be determined. . Filtered iron 
radiation was used with an exposure time of four hours. 
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For determinations of exact lattice parameters, a com-
parator with an accuracy of 0.05 degrees was used to measure 
the diffracted lines. With the 0 values determined, the x-ray 
. d . . (37) patterns were J.n exed by analytJ.cal J_ndexing methods . to 
determine the crystal structure of the phase. For approximate 
determinations of d spacings on various films, a Nies scale 
card was used .. 
D. NEUTRON DIFl".RACTION 
1. Experimental Technique. Neutron diffraction of the 
samples was carried out at the Oak Ridge National Laboratory, 
Oak Ridge, Tennessee. Samples of HoFe 2 and Ho 6 Fe23 which had 
yielded single phase x-ray diffraction patterns were investi-
gatec1 by neutron diffraction in order to obtain information 
on their magnetic structures. 
Both high and low temperature neutron diffraction inves-
tiga.tions were made on the HoFe.2. and Ho 6 Fe2 3 samples. The 
low temperature investigations, utilizing liquid nitrogen and 
liquid helium as coolants, yielded data on the saturation 
magnetic moments and the type of magnetic structure of the 
intermediate phases. High temperature investigations carried 
out above the Curie temperature of each phase, provided data 
by which the experimentally observed nuclear structure factors 
and nuclear intensities could be obtained. The nuclear in-
tensities had to be accurately determined before magnetic 
calculations could be made. 
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The alloys were crushed and weighed before being placed 
in an aluminum or vanadium cylindrical cell. For low temp-
erature experiments the aluminum cell was placed in a cryo-
stat. This cryostat was equipped with a small platinum re-
sistance furnace which could be used to hold a constant temp-
erature in the 4.2°K to room temperature range .. For work 
carried out at high temperatures, a vanadium cell was placed 
·in a platinum wound resistance furnace with a range of 300°-
l0000K. 
After the cryostat or high temperature resistance furnace 
was positioned in the neutron diffractometer, scans were made 
of the sa.mples from 4-35° of 28 at 0.1° increments with a moni-
tor count of 50,000. 
The absorption characteristics of each alloy were deter-
mined from the ratio of thermal neutrons passing through a 
specific sample weight of alloy to the thermal neutrons pass-
ing through an empty cell, for a given monitor count. A 
cadmium sheet was used in front of both sample and empty cell 
for a given monitor count during part of the absorption ex-
periment. All counts obtained on the diffractometer while 
the cadmium sheet was in place were attributed to radiation 
other than thermal neutrons, and as such were subtracted from 
absorption run intensities before any calculations were made. 
Pure nickel samples were run under the srune experimental 
conditions as the HoFe 2 and Ho 6 Fe 23 on the neutron diffracto-
meter in order that all intensity calculations made on the 
irbn-holmium alloys could be put on an absolute basis. The 
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111 and 200 planes of nickel were used for the standardiza-
tions of the diffractometer. 
2. Nuclear and Magnetic Calculations. The intensity 
of the nuclear contribution of a neutron powder diffraction 
peak is given by equation (1). 
where: 
e -2w (sin 2 8/A. 2 ) 
sin28 
p.... (N) 2 B (llr) p [1] 
I - nuclear intensity of neutron powder diffraction 
peak 
K - constant related to experimental set up (e.g. 
distance from specimen-to counter) 
j - multiplicity of the reflection 
Fn - nuclear structure factor 
e - angle of diffraction 
w - temperature correction factoi 
A. - neutron wavelength 
B(llr) - absorption factor 
p' - measured density of sample 
p - theoretical density of sample 
N - number of unit cells per volume 
For clarity, a further expansion of the terms in equation (1) 
is presented. 
where: 
p - mass/volume (nrli) 
- (AVf 
n - number of molecules or atoms per unit cell (e.g. 
Ho sF e 2 3 , n = 4 ) 
M = molecular weight 
[2] 
A - Avogadro's number 
V - volume of a unit cell (e .. g. for cubic structure, 
V = a~) 
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As previously mentioned, experimental data were used for 
the calculation of the absorption factor. The absorption 
cross--section, cr, of a sample was calculated by use of equa-
tion (3). 
I = I 0 e-[~:]· cr [3] 
where: 
I = intensity of transmitted beam after passing through 
a cell with a given thickness of sample 
I 0 - intensity of beam after passing through an empty 
cell 
A - Avogadro's number 
w = weight of sample 
M = molecular weight 
a - sample cross-sectional area 
cr - absorption cross-section 
After the absorption cross-section, cr, has been deter-
mined the linear absorption coefficient ~ can be obtained 
from equation {4). 
[4] 
where: 
p - linear absorption coefficient 
A - Avogadro r s nurrJ)er 
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M = molecular weight 
- measured density of sample 
- absorption cross-section 
The absorption factor, B(~r), in tabular form as a function 
of the product of the linear absorption coefficient and the 
sample radius is found in Bacon( 2 s). 
The experimental constant, K, in equation {1) was deter-
·mined by nickel standardization runs. wnen nickel was used 
in the diffractometer, the nuclear intensity, I, was obtained 
and all other terms in equation (1) except K were known. 
The nuclear structure factor is given by the following 
equation. 
[5] 
The nuclear scattering amplitude,·b, is equal to 0.85 x 10-12 
and 0.96 x 10- 12 em for holmium and iron respectively. 
Observed peak intensities at low temperatures were due 
to a combination of nucl~ar and magnetic coherent scattering. 
For calculations where both magnetic and nuclear structures 
contribute to the intensities, Fn in·equation (1) was re-
placed by an effective structure factor F. 
where: 
(6] 
F - effective structure factor when considering nuclear 
and magnetic coherent .scattering 
Fn - nuclear structure factor 
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q = magnetic interaction vector 
Fm - magnetic structure factor 
If the magnetic moment is directed randomly with respect to 
the crystallographic axes, then the effective value of q 2 is 
2;3(38). 
The magnetic structure factor is given by ~n equation 
similar to the equation for the nuclear structure factor. 
The magnetic scattering amplitude, p, is obtained from the 
following equation. 
where: 
p = magnetic scattering amplitude 
e = electron charge 
y - magnetic moment of neutron in nuclear magnetons 
m - neutron mass 
c - velocity of light 
g - Lande splitting factor 
J - total angular momentum quantum number o£ atom 
f - form factor for magnetic scattering 
[ 7] 
[8] 




Because the intermetallic phases in the Ho-Fe system 
are very brittle and moderately attacked under atmospheric 
conditions, difficulties were encountered in polishing these 
alloys. Smearing of the metal surface on the polishing wheel 
frequently occurred and distilled water in the abrasive solu-
tion att.acked the majority of the alloys prepared. 
All samples were mounted in a cold mounting material. 
In order to obtain a flat surface, the sample was rough sand-
ed on a belt sander followed by kerosene lapping on 0, 2/0, 
3/0, and 4/0 emery polishing paper. The final surface was 
prepared on a kitten ear polishing cloth, using 0.3 and 0.1 
micron alumina polishing powder in methyl alcohol. Methyl 
alcohol did not attack the metal surface to the degree ex-
hibited when distilled water was used. A 3% Nital etch was 
used on all rnetallographic samples. 
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IV. EXPERIMENTAL RESULTS Al~D DISCUSSION 
A. 'I1HE IRON-HOLMIUM BINARY SYSTEM 
The three experimental techniques used for the deter-
mination of the iron-holmium phase diagram were differential 
thermal analysis, x-ray diffraction and metallograp~y. An 
initial atterr~t was made to conduct three separate investi-
.gations of the iron-holmium system. Each investigation uti-
lized a single experimental technique. This was done in 
order that a cross check of the results might be obtained 
during a final review of all experimental data on the Fe-Ho 
system. 
The first DTA runs were conducted at a heating rate of 
8°C per minute utilizing a dynamic argon gas flow over the 
sample. Most of these runs yielded DTA data that showed 
considerable background scatter. In some alloys with a hol-
mium content above 65 weight percent,· the DTA scattering was 
so severe that no transition peak could be determined. Ex-
amination of these samples showed that a heavy oxide layer 
had formed on the sample surface during the DTA investigation, 
even though the argon used for these initial runs had been 
passed through a "gettering" system of titanium sponge at 
800°C. This oxidation problem was overcome by using a small 
piece o£ 0.005 inch thick high purity tantalum foil on the 
tops of both matching aluminum oxide crucibles in the thermo-
analyzer.furnace chamber. 
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Even after the oxidation problem wa~ solved, many of 
the DTA runs still yielded wide peaks that were very diffi-
cult to analyze or to accurately determine the transition 
temperature. DTA investigations on s~nples with composi-
tions between HoFe 2 and Ho 6 Fe 23 produced peaks that partially 
overlapped indicating that two or more transitions were tak-
ing place, but the resolution of these peaks was poor. Dif-
ferent heating rates were tried in an attempt to resolve the 
DTA data. Heating rates slower than 8°C per minute produced 
wider peaks and very bad resolution. Finally, the ratio of 
alloy sample weight to standard sample weight was adjusted. 
A standard sample weight of 0.100 grams used in conjunction 
with an alloy sample weight of approximately 0.150 grams 
produced the best resolution of the DTA data with a corre-
sponding heating rate of 8 or l0°C per minute. 
The DTA data presented in Figures l0-12were obtained 
after optimum experimental .conditions had been established. 
All the DTA data were obtained on heating and the peaks re-
present endothermic deflection. Controlled cooling was car-
ried out on all samples down to l000°C. For runs conducted 
under 1000°C, e.g. the Ho rich side of the Fe-Ho system, con-
trolled cooJ.ing was continu_ed to 850°C. Due to possible damage 
to the Kanthal heating elements in the furnace, the cooling 
rates were not control.led on any of the DTA samples below 
850°C but were allowed to cool as quickly as possible. In 
cases where both heating and cooling data yielded the same 
transition .temperatures, the cooling data were not reported 
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in the final anaJ.ysis but were considere:h-v"hen there was a 
quest.ion of reliability.. Most of the DTA data obt.ained on 
cooling showed supercooling of up to 30°C for a given transi-
tion pe.ak.. In many cases the cooling curve also gave one 
large peak on cooJ.ing, whereas two peaks had been obtained 
on heating. The iron-holmium alloys, which were heated 
above the liquidus and then cooled to room temperature, did 
not appear to have any change in their physical shape be-
cause of a thin oxide layer '<vhich formed .on the surface of 
these alloys. 
Figure 10 shows a DTA curve for a sample whose composi-
tion (80 weight percent iron) was close to the composition 
of the eutectic point (79 weight percent iron) between Fe and 
Ho 2 Fe 17 • This DTA plot is almost identical to a description 
given by Garn( 39 } for a DTA plot of a typical rapid phase 
transformation ~n that it shows a continuously increasing 
rise until very near the peak and after the peak is reached 
there is a rapid return to the base line. The DTA plot does 
not·return to its original base line after the phase trans-
formation beca.use of a change in the. thermal properties of 
the sample ... 
The DTA results on a sample of HoFe 3 (50.4 weight per-
cent iron) are shown in Figure ll. An x-ray diffraction an-
alysis of this sa~mple before the DTA investigation showed 
that some HoFe 2 was present in the alloy as cast. The first 
small.peak on the left-hand side of the main peak is from 
the solidus transition of HoFe 2 • The observation of this 
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transition is consistent with the report by Clark and Sprague 
(4o) that the sensitivity of DTA is about equal to that of 
x-ray diffraction. Thus, if a phase or mate~ial is present 
to the extent of l or 2 weight percent it should be detected 
by DTA when the material undergoes a transition. 
The liquidus in the Fe-Ho binary system was represented 
in two different ways by the DTA results qbtained on Fe-Ho 
alloys and depended on the temperature separation between the 
solidus and liquidus. In a region where the solidus and liq-
uidus were close together, a DTA peak was obtained on heating 
to the liquidus temperature. An example of a liquis peak 
if given by the HoFe 3 DTA run, Figu~e 11. The small peak on 
the right-hand side of the main peak in Figure ll is an indica-
tion of the liquidus temperature for HoFe 3 • The peak is due 
-
to the narrow temperature difference between liquidus and 
solidus and therefore a larger than theoretical amount of 
solid material remained when the liquidus tempera.ture was 
reached. When the solidus and liquidus were separated by 
a wide temperature range, there was more time for the alloy 
under investigation to move toward equilibrium conditions. 
When the liquidus temperature was reached only a change in 
slope of the DTA plot resulted. The slope change was due 
to the new thermal characteristics of the molten sample. 
Figure 12 shows the DTA run of 25 weight percent iron. The 
small peak on the .far left-hand side is produc~d by the sol-
idus transition, while on the far right-hand side there is 
a change in slope after the sample became completely molten. 
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A surrunary of the DTA results obtained on the iron-holmium 
system is presented in Table I. Not included in this table 
are the results from DTA investigations in which severe oxida-
tion of the samples took place or poor resolution of endo-
thermic peaks resulted. In addition to the data presented 
in Table I, a number of preliminary DTA runs were made on 
alloys of different compositions in the Fe-Ho system to de-
termine the general temperature range where phase transitions 
took place. During the DTA investigation, pure copper samples 
were run intermittently to standa:rdizethe equipment and to 
check the accuracy of the DTA and control couples. 
From the DTA data presented in Table I and the x-ray dif-
fraction data on intermetallic compounds reported in the lit-
erature(27), the iron-holmium binary system was constructed. 
Figure 13 shows the iron-holmium system phase diagram as 
ascertained by this investigation. w"'hile Figure 13 was con-
structed primarily fr:dm DTA. data, some points such as the 
eutectic and intermediate phase compositions were partially 
determined by metallography and x-ray diffraction considera-
tion. 
After most DTA runs a portion of the sample was analyzed 
by x-ray diffraction techniques, the results of which are 
given in Table II. The actual diffraction data, by means of 
which the phases in Table II were identified, are presented 
in the l->.ppendix B. The greatest number of x-ray diffraction 
patterns t.·?ere made on samples 1.vith compositions from HoFe2 
(40.4 weight percent iron) to Ho 2 Fe 17 (74.2 weight percent iron). 
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TABLE I 
DTA Indications of Liquidus and Solidus 
Composition, Temperature, Temperature, 
.wt • 9;, . 0. . iron . .Solidus ( o C) . Liquidus ( o C) 
10 872 1239 
875 1244 
16.8 896 (2) 
20 874 (1) 
873 940 
875 941 
25 896 925 
874 1100 
30 884 1256 
35 (2) 1276 
40.4 1290 1296 
1287 1295 
1289 1296 




48 1287 1298 
1286 12'96 
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TABLE I (Continued) 
DTA Indications of Liquidus and Solidus 
Composition, Temperature, Temperature 
wt. % .iron Solidus (OC) Liquj_dus ( oc) 
50.4 1295 1315 
1295 1311 
1293 1318 
52 1295 1326 
1290 1324 
53 1290 1330 
1293 1328 
55 1290 1328 
1294 1331 
1290 1331 
56.5 1285 1332 
1286 1332 
1285 1331 
58 l284 l331 
1283 l332 
60. 1283 1330 
1285 1330 
62.9 1284 1304 
TABLE I {Continued) 
DTA-Indications of Liquidus and Solidus 
Composition, 
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TABLE II 
X-ray Diffraction Data on DTA Samples 
Composition, Phases Identifiea 
.. wt .• .% .. i.r.on Ho. HoF.e2 . HoF.e3 Ho6F.e2 3 .. Ho2Fe1 1 Fe 
10 X X 
20 X X 
30 X X 
35 X X 
40.4 X 
45 X X 
48 X X 
50.4 X X X 
52 X X X 
53" X X X 
55 X 
56.5 X X 
58 X X 
60 X X 
63 X X 
65 X X 
67 X X 
69 X X 
70.2 X X 
74.2 X 
80 X X 
90 X X 
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This region of the Fe-Ho binary system wa~ the most difficult 
to examine by x-ray diffraction since all of the intermediate 
phases fell within this composition ra~ge. 
Solidification of all the samples analyzed in Table II 
took place in a furnace chamber with a controlled cooling 
ra·t.e. The data in Table II indicate that the iron-holmium 
system has four distinct regions where two phases are in equi-
librium. The four, two-phase regions, are: Ho and HoFez, 
HoFez and HoFes, Ho6Fe2s and Ho2Fe17 1 Ho2Fe17 and Fe. The 
two phases identified in each of these four regions are those 
phases which should be present in each region if equilibrium 
conditions exist and if the phase diagram given in Figure 13 
is correct. Also given in Table II is one region in which 
three phases are identified as _being present. All of the 
all.oys analyzed from this region showed the phases HoFe 2 , 
HoFes and Ho6Fe 23 to coexist.. This represents a nonequili-
brium condition for a binary system. What probably occurred 
to alloys in this compositional range (from HoFeg to HosFe2s) 
was that a portion of the alloy during solidification follow-
ed the liquidus curve above the HoFes-HosFe2 s region do\vn to 
the HoFe 2 peritectic temperature. This path, if followed by 
the liquid, would have cause~ HoFe2 to be present in alloys 
solidified from compositions initially in the HoFes-HosFe2s 
region. 
Figures 14-26 provide examples of the solidification 
structures encountered in the ~e-Ho system. With the aid of 








Figure 26. As-Cast, Induction Melted, Ho-16.3 Wt. % Fe 
Alloy. 3% Nital Etch. 200X. Phases Identified: HoFe2 1 
Ho. 
in the binary system were established. All metallographic 
investigations for the deter.mination of eutectic composi-
tions were carried out after the DTA data were obtained on 
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t~e Fe-Ho system. The DTA data showed three eutectics pre-
sent in the systemr but the DTA data alone could not com-
pletely establish the eutectic composit.ion. The metallography 
showed the eutectics were present in the compositional ranges 
predicted by the DTA data. 
Figures 14 and 15 show the structures present in alloys 
of compositions higher in Fe than the eutectic point between 
pure Fe and HozFel7· The light dendritic structure in Fig-
ure 14 is Fe rich, while the dark structure is a eutectic 
material composed of Ho 2Fe 17 and Fe. Figure 15 shows a struc-
ture consisting of large, dark areas of Fe and Ho2Fe 1 7 eutec-· 
tic surrounded by thin networks of the light etching Fe. 
The composition of the material in Figure 15 is very close 
to the composition o£ the eutectic point between Fe and Ho2.Fe11• 
The microstructures of the as-cast alloys in the composi-
tional range between llo 2 Fe 1 7 and Ho 6 Fe 2 3 are shown in Fig.ures 
16-20. In Figure 16, the light etching phase is HozFe 17 and 
the dark material surrounding the Ho 2 Fe 1 7 grains is a eutec-
Figures 17 and 18 reveal that 
the amount of dark etching eutectic structure increases as 
the alloy compositions approach the eutectic point. Figure 
19 shows a structure close to the eutectic composition. 
Figure 20 shows the microstructure of an alloy whose 
composition·was near the intermediate phase Ho 6 Fe2 3 • Figures 
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21-23 show a needle-l~e structure present in these alloys. 
This needJ.e structure was observed in all samples which 
solidified by either the HoFe 2 or HoFe 3 peritectic reaction. 
The results of a portion of the metallographic investi-
gation on the region between pure Ho and HoFe 2 is shown in 
Figures 24-26 .. In these figures the light etching phase 
is HoFe 2 and the dark material surrounding the light HoFe2 
is a eutectic of HoFe 2 and Ho. The relative amount of eutec-
tic material increases from Figure 24 to Figure 26. The 
composition of the alloy in Figure 26 is near.the composi-· 
tion of the eut~ctic point. 
B. ~ThG~ETIC STRUCTURES 
Neutron diffraction investigations were conducted on 
samples of Ho 6 Fe 23 and HoFe 2 in order to obtain information 
on the magnetic structures of these intermediate compounds. 
The neutron diffraction patterns of Ho 6 Fe 23 at approxi-
mately 4.2°, 298° and 586°K are presented in Figures 27-29 
respectively. 'I'he most obvious feature of these diffraction 
patterns is the irr~ense reduction of most peak intensities 
with higher tempera·t.ures. Accompanying tlie reduct.ion in 
peak intensities is an increase in the background count. 
The magnetic structure of the Ho 6 Fe 23 alloy is the primary 
reason for change .in both peak intensities and background 
count with higher temperatures. Figure 29 shows the diffrac-
tion pattern of Ho6:E'e23 above its Curie temperature. The 





















Neutron Diffraction Pattern of Ho 6 Fe2~ at 298°K. 
Figure 29. 
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Neutron Diffraction Pattern of Ho 6 Fe23 at 586°K. 
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As the temperature is lowered below the Curie temperature, 
magnetic al~gnment generates conditions for coherent scat-
teri.ng from the m~gnetic structure, and hence the peaks have 
~ magnetic contribution in addition to a nuclear contribution. 
At very low temperatures near 4°K, magnetic saturation occurs 
and maximum coherent magnetic scattering resultsw Since no 
peaks are observed in the Ho 6 Fe 2 3 patterns at J.ow tempera-
tures at positions other than those allowed for nuclear peaks, 
the magnetic cell must be the same size as the chemical cell. 
The Curie temperature for the Ho 6 Fe 23 structure was de-
termined by the temperature vs. intensity plot of the (222) 
magnetic peak shown in Figure 30. By extrapolation, the 
Curie temperature of Ho 6 Fe23 was placed at 500°K. Short-
range ordering was observed above the Curie temperature and 
presisted up to a temperature of 575°K. 
Calculations were carried out on the data obtained on 
the HosFe 23 structure in order to determine the saturation 
magnetic moments of iron and holmium •. Table III provides _a 
summary of the observed and calculated structure factors· for 
both the nuclear and magnetic structures of Ha 6 Fe 23 • Calcu-
lation details, including atomic positions and temperature 
factors, are given in appendix C. The reliability factor, 
R, for F~ is .023 and for F~ is .080 •. The magnetic structure 
assumed for the calculated magnetic structure factors is a 
ferrimagnetic model with a saturation moment far holmium of 
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Ho 6 Fe 23 Nuclear and Magnetic Structure Factors 
587°K ·4.'2°K 
Index F2 (Obs.) F2 (Calc.) F2 (Obs.) F2 (Calc.) 
.n n .. m ... m 
111 62 41 395 388 
200 159 151 552 652 
220 1 5 410 261 
311 l 0 43 8 
222 1 8 1980 1979 
400 1 11 1896 1876 
331 56 62 360 314 
420 10 15 67 39 
422 209 209 274 312 
511 460 464 207 263 
333 1300 1335 333 343 
440 4443 4443 (1) (1) 
531. 398 397 310 360 
442 15 14 1· 0 
600 1'100 1062 260 277 
(1) Small Magnetic Contribution 
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The Solid State Physics Group at th~ Oak Ri~ge National 
IJaboratory conducted initial neutron diffraction studies on 
the HoFe2 sample before this investigation was begun. Dur-
ing these initial studies a magnetic field was applied to the 
same HoFe 2 sample which was later used in this investigation. 
The magnetic fi-eld was thought to be the cause of discrepan-
. . 
cies observed in the neutron diffraction data obtained dur-
ing this investigation. 
Figures ~1-33 show the neutron diffraction patterns ob-
tained from a powder sample of HoFe 2 at approximately 4.2°, 
The diffraction pattern of HoFe 2 at 298°K, 
shown in Fig u-e 32, is the first room temperature pattern 
obtained during this investigation. As was observed in the 
Ho5Fe23 data, the peak intensities and background count of 
the HoFe 2 patterns are temperature dependent indicating an 
ordered rr.agnetic structure at low temperatures. The 4. 2 °K 
data of HoFe 2 show small extra peaks present. These extra 
peaks are an indication that the chemical cell and magnetic 
cell for the HoFe 2 structure are not coincidental. The alum-
inurn peaks (111) and (200), which are present in the patterns 
obtained at low temperatures, were subtracted from the sample 
diffraction patterns. Some experimental difficulties were 
encountered with the HoFe 2 diffraction experiments. After 
the HoFe 2 sa:rnpJ..e had been examined by neutron diffraction in 
the temperature range 4.2°-623°K, a room temperature diffrac-
·tion pattern could not be produced which matched the relative 
intensities observed on the sa.t1ple at. room temperature before 
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F~gure 31. Neutron Diffraction Pattern of HoFe 2 . at 4.2°K. 
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Figure 32. Neutron Diffraction ~attern of HoFe 2 at 298°K 












Figure 33. Neutron Diffraction Pattern of HoFe2 at 623°K. 
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undergoing the thermal cycle from 4.2°-623.°K. The changes 
in observed intensities (after one thermal cycle)for the 
room temperature EoFe 2 diffraction pat~erns are given in 
Table IV. 
TABLE IV 
Observed R.T. HoFe 2 Intensities 
Before and After Thermal Cycle 
Plane I. . t. l ~n~ ~a If. 1· ~na %Change 
111 92.7 61.6 -33.6 
220 43.7 42.4 2.8 
311 90.1 82.1 8 .. 9 
222 71.0 30~8 -56.6 
The intensity vs. temperature plots for the (111), (220), 
(311) and (222) planes of HoFe 2 are presented in Figures 34-
37 respectively. 'I'hese plots are unusual in that the indivi-
dual peak intensities fall off at different rates with in-
creasing temperatures. The different rates are due to the 
preferred orientation of the magnetic structure. This magne-
tic orientation was caused by the applied magnetic field be-
fore this investigation was ~ndertaken. From Figure 34, the 
Curie temperat,.:tre of HoFe 2 is- placed in the vicinity of 600°K. 
If Figure 34 is compared with Figure 6 from Nassau{zo), it is 
noted that the two figures are very similar up to 610°K. 
Wallace ( 3 z) stated that the HoFe 2. structure was ferrimagnetic 
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Figure 34. Temperature Dep2nc1ence of the Hagnetic 
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Figure 35. Temperature Dependence of the Nagnetic 
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Figure 36. Temperature Dependence of the ~lagnetic 
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Figure 37. Temperature Dependence of the Magnetic 
Ordering in the (222) Peak of HoFe2. 
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An attempt was made to index the satellite and major 
peaks observed in Figure 31 in order to determine the exact 
size of the magnetic cell. Table V gives ·the calculated and 
o. 
observed sin 2 8 values 1.vhen a parameter of a = 2 8. 2 9 5 A is 
used for the calculated magnetic cell. If this calculated 
cell parameter is correct the magnetic cell is ~pproximately 
four times as large as the chemical cell which has a lattice 
0 
.Parameter of a = 7.305 A. 
TABLE V 
Sin20 Values for the HoFe2 Magnetic Cell 
Index 28 (Obs.) Intensity (Obs.) Sin 2 0 (Calc.} Si.n 2 0 (Obs.) 
----------------------------------------------------------------------------------------
311 7.2 weak 
400 8.7 weak 
331 9.8 weak 
622 14.7 very strong 
731 17.2 weak 
800 17.8 weak 
664 20.9 weak 
951/773 22.8 weak 
1042 24.4 strong 
1044 25.6 weak 
991 28.7 strong 





























The iron-holmium binary system was determined by three 
experimental techniques, differential thermal analysis (DTA), 
x-ray diffraction, and metallography. The data obtained from 
these techniques resulted in the construction of the binary 
phase diagram shown in Figure 13. The four intermediate phases 
in the iron-holmium system are HoFe 2 a cubic phase with a = 
0 
7.305 A which.melts incongruently at 1288°C, HoFes (R3m) which 
. 0 0 
has lattice parameters of a = 5.084 A and c = 24.45 A and melts 
incongruently at l293°C, Ho 6 Fe 23 a cubic phase with a = 
0 
12.032 A which melts congruently at l332°C and Ho 2Fe11 nexa-
0 
gonal phase which has lattice parameters of a = 8.438 A and 
0 
c = 8.310 A and melts congruently at 1343°C. The temperatures 
indicated for most of the solidus positions and the melting 
points of all congruent intermediate phases have a maximum 
deviation of ± 3°C. The only possible exception to a ± 3°C 
deviation is the solidus between holmium and HoFe2. In this 
region of the phase diagram, the DTA samples did not provide 
the same reproducibility obtained throughout the rest of the 
binary system. 
The small DTA sample weights (approxima_tely 0 .150 grams) 
aided in yielding sharp, reproducible solidus and liquidus 
temperature indications. These small samples reduced the 
time required for an alloy to undergo a complete phase transi-
tion and minimized the thermal gradients which occur within 
a sample. 
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The exact compositions of the intermediate phases in 
the iron-holmium system were determined by x-ray diffraction. 
The phases present in both nas-cast" and DTA samples were 
established by x-ray diffraction. DTA samples in the com-
positional range between HoFe 3 and Ho 6 Fe 23 contained three 
phases (HoFe2,HoFe 3 and Ho 6 Fe23 ) when cooled to room temp-
erature. The presence of HoFe2 in these samples was due to 
_the solidification process of alloys in this compositional 
ra!lge. No major changes in the lattice parameters of the 
intermediate phases were observedi indicating very little 
solid solubility existed for the intermediate phases. 
The metallographic results compare favorably with data 
obtained from the DTA ~nd x-ray diffraction investigations. 
The eutect~c positions in Figure 13 were placed primarily by 
metallography and were believed accurate within 1 percent 
in composition. 
Iron-holmium alloys used in this investigation had com-
positions within the range 10 to 90 v1eigh"t: percent iron. 
The·termina.l. solid solubility regions of the binary system 
were not examined. Most rare earth-transition metal binary 
systems have terminal solid solubilities of less than l 
we~ght percen·t transition metal .. 
Neutron diffraction measurements were made on Ho5Fe2a 
and HoFe2 to obtain information on their magnetic structures. 
At low temperatures, neutron diffraction patterns of both 
intermediate phases exhibited a large reduction in the back-
ground scattering as strong coherent magnetic peaks developed. 
Using the plot of m~gnetic ordering vs. temperature 
(Figure 30}, the Curie temperature of Ho 6 Fe 23 was placed 
Short range magnetic order to temperatures 75°K 
above the Curie temperature was indicated by the presence 
of magnetic peaks in the Ho 6 Fe 23 neutron diffraction pat-
terns. Intensity calculations for the 4.2°K di~fraction 
data showed that Ho 6Fe 23 had a ferrimagnetic structure 
.with saturation moments of 2.25 and 9.3 ~B for iron and 
holmium respectively. All magnetic peaks of the Ho6Fe2s 
structure developed at the same angles as the allowed 
nuclear peaks, indicating that the magnetic cell and 
chemical cell are coincidental. 
In contrast to the Ho 6 Fe 23 magnetic structure, at low 
temperatures the HoFe2 magnetic structure produced small 
magnetic diffraction peaks at angles other than those 
allowed for coherent nuclear peaks. All observed magnetic 
peaks could be indexed with a magnetic cell parameter of 
0 
a = 28.295 A. This would indicate that the magnetic cell 
of HoFe 2 is approximately four times la:::-ger than the cubic 
0 
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chemical cell which has a lattice parameter of a - 7.305 A. 
The plot of magnetic ordering vs. temperature for the 
(111) plane {Figure 34) , placed the Curie temperature of 
HoFe 2 at approximately 600°K. The data in Figure 34 is in 
. f (20) . • 
agreement Wl th the work o :Nassau' \vhlch gave a Cur1e 
temperature of 6l0°K for HoFe 2 • The discrepancies in the 
room temperature intensities and the variations of indivi-
dual peak intensities with temperature for the HoFe 2 neutron 
73 
diffraction data were due to preferred magnetic orientation. 
The preferred orientation was caused by the application of 
a magnetic field on the HoFe 2 sample before this investiga-
tion was initiated. 
The iron-holmium alloys have a potential use in commer-
cial permanent magnets. The very large magnetic moments 
calculated for iron and holmium in the Ho 6 Fe 23 magnetic struc-
ture and the relatively high Curie temperatures of Ho5Fe23 
and HoFe2 indicate the possibility of commercial use. 
74 
BIBLIOGRAPHY 
1. Smothers, W. J. and Chiang, Y., DIFFERENTIAL THERMAL ANAL-
YSIS, Chemical Publishing Co., New York, p. 45, (1966). 
2. Garn, P. D., THERMOANALYTICAL METHODS OF I~NESTIGATION, 
Academic Press, New York, p. 195, (1965). 
3. Murphy, c. B., "Differential Thermal Analysis", ANALYTI-
CAL CHEMISTRY, vol. 30, no. 4, p. 869, (l958). 
4. Wendlandt, W. W., THERMAL METHODS OF ANALYSIS, Inter-
science Publishers, New York, p. 139, (1964). 
5. Wiedemann, H. G., 11 Universelles Messgerat fur gravimetrische 
Untersuchungen unter veranderlichen Bedingungen", CHEMIE 
ING. THECHN., vol. 36, no. ll, p. 1105, (1964). 
6. Wiedemann, H. G. and Van Tets, A., "Kurvenverlauf der DTA-
Messung bei Schmelz-und Erstarrungsvorgangen. Calorimetrisch 
Eichung der DTA-Apparatur durch Messungen an rnetallischen 
Proben.", Z. ANF-..L. CHEMIE, vol. 233, no. 3, p. l61, (1968). 
7. McAdie, II. G., "Recommendations for Reporting Thermal Anal-
ysis Data", ANALYTICAL CHEMISTRY, vol. 39, no. 4, p. 543, 
(1967) • 
8. Buschotv I K. H. J. 1 "Das zustandsbi1d Erbium-Kobalt" I z. 
~lliTALLKDE, vel. 57, no 10, p. 730, (1966). 
9. Gschneidner, K. A., Jr.; RA~ EAW£H ALLOYS, D. Van Nostrand 
Co., Princeton, New Jersey, (1961). 
_Q. Spedding, F. H. and Daane, A. H., THE RARE EARTHS, John 
Wiley and Sons, Inc., New York, (1961). 
Ll. Vogel, R., 
99, p. 25, 
"Uber Cer-Eisen1egierungen", z. ANORGAN., vol. 
(1917) • 
_2.. Jepson, J. 0. and Dutvez, P., 11 Partial Phase Diagram of the 
Iron-Cerium System" I r.rrans. ASM, vol. 47, p. 543, (1955). 
L3. Domagala, R. F., Rausch, J. J. an~ Levinson, D. W., "The 
Systems Y-Fe, Y-Ni, and Y-Cu", Trans. ASM, val. 53, p. 137, 
(1961) .. 
L4. Copeland, M. I., Krug, M., Armantrout, C. E. and Kato, H., 
"Iron-Gadolinium Phase Diagram", u. s. Bureau of Mines 













Savitskii, E. M., Terekhava, V. F., Burov, I. V. and 
Christyakov, 0. D., 11 Phase Diagram of the Gadolinium-
Iron Alloy System", ZHUR. NEORG. KHIM. 1 vol. 6, p. 1732, (1961) • . 
Terekhova, v. F., Mos1ova, E. V. and Savitskii, E. M., 
"Phase Diagram o£ the Iron-Neodymium System11 , IZV. AKAD. 
NAUK SSSR, METALLY, vol. 3 1 p. 128, (1965}. 
Meyer, A. , "Das System Aluminium-:Eiolmium", J. LESS-COMMON 
METALS, vo1. 10, no. 2, p. 123, (1965). 
Kirchmayr, H. R. and Lugscheider, w., "Aufbau der binaren 
Zustandsbi1der von Gadolinium, Dysprosium, Holmium und 
ErbiummitMangan 11 , z. METALLKDE, voJ .• 58, no. 3, p. 187, 
(1967}. 
Gebhardt, E. and Von Erdberg I M., "Das s·ystem Silber-
Ho1mium", J. LESS-COMMON MEr.rALS, vol. 11, no. 2, p. 143, 
(1966). 
Nassau, K., Ph. D. Thesis, "Intermeta11ic Compounds Be-
tween Lanthanons and First Period Transition Metals", 
University of Pittsburgh, Pittsburgh, Pennsylvania, 
(1959). 
Wernick, J. H. and Geller, s., "Rare-Earth Compounds 
with MgCu 2 Structure", Trans. AIME, vol. 218, p. 866, 
(1960). 
Mansey, R. ·C., Raynor, G. v. and Harris, I. R., "The 
Cubic Laves Phases Formed by Rare-Earth Metals with 
Iron and Nickeln, J. LESS-CO~~~ON METALS, vol. 14, no. 3, 
p. 331, (1968). 
Kripyakevick, P. I. and Frankevich, D. P., uNew Compounds 
of Rare Earths 'ivi th Mn and Fen, KRIS'rALLOGRAFIYA, val. 10, 
no. 4, p. 560, (1965). 
Ray, A. E. 1 PRIVATE COI'-1.MUNICATION, University of Dayton, 
Dayton, Ohio (1966) • 
25. Kripyakevich, P. I., Fra.nkevich, D .. P. and Zarechnyuk, 
o. S., "High Iron Compounds in Rare Earth-Iron Systems 
and Their Crystal Structure" 1 VISN. I., ;VIV. DERZH. UNIV. 1 
no. 8, p. 61, ( 19 6 5) .. 
26. Bus chow, K. H .. J. 1 "The Crys·tal Structures of the Rare-
Earth Compounds of the Form R 2 Ni 17 , R2 Co17 and R2Fe17", 
J. LESS.,..CO}'I'.&lON METALS, vol. llr no. 3, p .. 204, (1966). 
27 .. O'Keefe, T. J .. , Roe, G. J. and James, W. J., 11 X-ray 
Investigation of the Iron-Holmium System", J. LESS-
COMMON METALS, vol. 15, no. 3, p. 357, (1968). 
2 8. Bacon, G. E. 1 NEUr.rRON DIFFRACTION 1 2nd ed. , Oxford 
University Press, London, {1962). 
29. Koehler, w. c., nMagnetic Properties of Rare-Earth 
Metals and Alloys", J. APPLIED PHYSICS, vol. 36, 
no. 3, p. 1079, (1965) • 
76 
. 30. Lemaire, R., Ph. D. Thesis, "Preparation et Properties 
Magnetiques des Composes Intermetalliques du Cobalt 
avec les Metaux des Terres Rares ou L'Yttrium", Univ-
erisity of Grenoble, Grenoble, France, (1966). 
31. Moon, R.· M., Koehler, w. c. and Farrell, J., "Magnetic 
Structure of Rare-Earth-Cobalt (R Co2} Intermetallic 
Compounds", J .. APPLIED PHYSICS, vol. 35, no. 3, p. 978, 
(1965). 
32. Wallace, W. E., "Electronic Structure of Alloys and 
Intermetallic Compounds", PROGR. IN SCIENCE AND TECH. 
OF RARE EARTHS, vol. 3 1 p. 23, (1968). 
33. DeSavage, B. F., Bozarth, R. M., Wang, F. E. and Callen, 
E. R., "Magnetization of the Rare-Earth Manganese Com-
pounds R6Mn23", J. APPLIED PHYSICS, val. 36, no. 3, 
p. 992, (1965). 
34. Wallace, W. E., "Electronic Structure of Alloys and 
Intermctallic Compounds", PROGR. IN SCIENCE AND TECH. 
OF RARE EARTHS, val. 3, p. 24, (1968). 
35. Peterson, D. T. and Hopkins, E. N., ~'Electropolishing 
the Rare Earth Metals", United States Atomic Energy 
Comrrtission, REPORT NO. TID-4500, Oct. 1, 1964. 
36. Roe, G .. J .. , M. S. Thesis, nsynthesis and Structural 
Determination of Intermeallic Compounds in the Fe-Ho 
System", University of Hissouri-Rolla, Rolla, Missouri, 
(1966). 
37.. Culli ty, B. C. 1 ELEMENTS OF X-RAY DIFFRACTION 1 Addison-
Wesley Publishing Co., Reading, Massachusettes, p. 297, 
(1956). 
38. Bacon, G. E., NEUTRON DIFFRACTION, 2nd ed., Oxford Univ-
ersity P~·ess, London, p. 164, (1962). 
39. Garn, P. D., THERMOANAYLTICAL METHODS OF INVESTIGATION, 
AcadE:mic Press, New York, p. 154, (1965). 
77 
40. Clark, G. I •• and Sprague, R. S., "Analysis of Highly 
Hydrated Dolomitic LJ.meu, ANALYTICAL CHEMISTRY, vol. 24, 
no. 4, p • 6 9 3, ( 19 52} • 
APPENDIX A 
MAGNETIC FORM FACTORS 
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The following· plots of experimentally determined magne-
tic form factors for holmium and iron were obtained from 
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Figure 39. Magnetic Form Factor for Iron 
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APPENDIX B 
X-RAY DIFFRACTION DATA OF DTA SAMPLES 
1. All x-ray patterns are based on Fe Ka radiation with a 
0 
wave-length of 1.937 A. 
2. In cases where two phases contribute to the intensity 
of an observed line, the phase contributing the majority 
of the il).tensi.ty is indicated. 
3. The following letters are used to designate intensities: 
W - weak 
M - medium 
S - strong 
V - very 
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A. CO!viPOSITION: 90 weight percent iron 
PHASES PRESENT: Fe, Ho2Fer 7 
0 
d (A) Io hk1 Phase 
2.94 w 112 Ho2Fe17 
2.42 w 300 II 
2.20 vw 203 II 
2.10 M 302 II 
2.02 vs 110 Fe 
1.881 vw 222 Ho2Fer7 
1.488 vw 412 II 
1.433 M 200 Fe 
1.333 vw 332 Ho2Fe17 
1.170 s 211 Fe 
1.013 M 220 Fe 
.987 vw 336 Ho2Fe17 
B. COHPOSITION: 80 weight percent iron 
PHASES PRESENT: Fe, Ho2Fe1 1 
0 
d (A) Io hk1 Phase 
2.94 w 112 Ho2Fer7 
2.42 w 300 II 
2.20 w 203 n 
2.10 s 302 " 
2.07 vw 004 ll 
2 .. 02 s 110 Fe 
1. 955 vw 213 Bo2Fe1 7 
1.882 vw 222 " 
83 
1.577 vw 304 HozFe11 
1.488 w 412 II 
1.478 w 224. II 
1.433 w 200 Fe 
1~406 vw 330 HozFe 1 7 
1.333 w 332 II 
1 .. 219 w 600 " 
1.202 w 306 II 
1.170 M 211 Fe 
1.126 w 522 HozFe17 
1.056 vw 440 ll 
1 .. 051 vw 604 II 
1.045 vw 416 II 
1.013 w 220 Fe 
.987 M 336 HozFe11 
c. COMPOSITION: HozFe11 
PHASES PRESENT: HozFe17 
0 
d (A) Io hk1 Phase 
2.94 M 112 HozFe17 
2.42 M 300 n 
2.20 w 203 If 
2.10 vs 302 It 
2.07 w 004 II 
2.02 w 310 n 
1.955 m-I 213 II 































w 412 " 
w 224 tl 
w 323 " 
vw 215 II 
vw 330 11 
M 332 II 
w 116 II 
w 423 II 
M 600 II 
M 306 II 
vw 513 11 
vw 325 II 
w 334 11 
M 522 II 
w 440 II 
w 604 II 
w 416 " 
vw -613 II 
5.15 " 
s 336 II 
vw 533 II 
70~2 weight percent iron 
Io . hk1 Phase 
112 Ho~Fe 1 7 
M 300 .. 
85 
2.30 vw 511/333" HosFe2s 
2.19 w 203 Ho2Fe11 
2.10 vs 302 11 
2.07 w 004 " 
1.955 vw 213 II 
1.881 w 222 II 
1.580 vw 304 11 
1.488 w 412 II 
1.479 w 224 " 
1.433 vw 323 " 
1.333 M 332 II 
1.311 vw 116 If 
1.236 vw 423 " 
1.220 vw 600 " 
1.202 M 306 " 
1.187 vw 513 11 
1.127 w 522 11 
1.056 w 440 n 
1 .• 052 w 604 11 
1.045 w 416 n 
1.037 vw 613 II 
1.030 vw 515 " 
.987 s 336 11 
E. COMPOSITION: 69 weight percent iron 
J?HASES PRESENT: Ho2Fer11 Ho5Fe23 
0 
d (A) Io hkl Phase 
3.45 vw 222 HosFe23 
86 
2.94 w 112 Ho2Fe1 7 
2.44 H 300 II 
2.30 M 511/333 HosFezs 
2.19 w 203 HozFe17 
2 .. 10 vs 302 12 
2.07 w 004 II 
1.955 vw 213 II 
1.881 w 222 11 
1.580 vw 304 II 
1.566 vw 553/731 Ho6Fezs 
1.489 w 412 HozFe11 
1.479 w 224 II 
1.433 vw 323 II 
1.333 M 332 II 
1.311 vw 116 II 
1.238 VTt'l 423 n 
1.220 M 600 II 
1.201 w 306 " 
1.162 vw 951/773 HosFe23 
1.128 w 522 HozFe17 
1.057 w 440 II 
1.052 M 1131/971 HosFezs 
1.045 w 416 HozFe17 
• 9 87 M 336 II 
.976 VTiJ 1222/1064 HosFezs 
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F. COI-1POSITION: 67 weight percent iron 
PHASES PRESENT: Ho2Fe17, Ho6Fe2s 
0 
d (A) Io hkl: Phase 
3.43 vw 222 Ho6Fe2s 
2.94 w 112. Ho2Fe1 7 
2.74 vw 331 HosFe2a 
2.43 M 300 Ho2Fe17 
2.30 M 511/333 Ho6Fe2s 
2.19 w 203 Ho2Fe17 
2.12 M 440 HoGFeza 
2.09 M 302 HozFe17 
2.06 w 004 II 
1.99 vw 600/442 HosFezg 
1.955 vw 213 Ho2.Fe11 
1.881 w 222 II 
1.683 w 711/551 HOGFeza 
1.580 vw 304 Ho2.Fe17 
1.566 w 553/731 Ho5Fe2.3 
1.490 w 412 HozFe17 
1.478 w 224 n 
1.469 vw 733 HosFezg 
1.416 w 660/822 " 
1.388 vw 555/751 II 
1.333 w 332 HozFe11 
1.310 w 842 HosFezs 
1.235 vw 423 HozFe11 
1.220 w 600. u 
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1.209 VTtJ 771/933 Ho5Fe2s 
1.200 w 306 Ho2Fe11 
1.180 vw 325 II 
1.162 w 951/773 Ho5Fe2s 
1.127 w 522 Ho2Fe17 
1.057 w 440 If 
1.052 M 1131/971 HosFe2s 
1.047 w 1044/882 n 
1.045 w 416 Ho2Fe11 
.993 vw 1151/777 HosFe2s 
.987 M 336 Ho2Fe11 
.976 M 1222/1064 HosFe2s 
G. COMPOSITION: 65 weight percent iron 
P;HASES PRESENT: Ho2Fe111 HosFe2s 
0 
d (A) Io hk1 Phase 
3.45 vw 222 HosFe2a 
2.94 w 112 Ho2Fe17 
2.74 vw 331 Ho5Fe23 
2.44 M 300 Ho2Fe17 
2.31 M 511/333 Ho5Fe2.a 
2.20 w 203 Ho2.Fe17 
2.12 M 440 HosFe2s 
2.10 M 302 Ho2Fe17 
2.07 w 004 II 
1.99 vw 600/442 Ho5Fe2 a 
) ... 955 vw 213 Ho2Fe11 
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1.881 w 222 Ho2Fe11 
1.686 w 711/551 1IoGFe23 
1.565 vw 553/731 It 
1.490 vw 412 Ho2Fe17 
1.479 vw 224 11 
1.470 vw 733 Ho5Fe23 
1.419 w 660/822 II 
1.390 vw 555/751 II 
1.334 w 332 Ho2Fe17 
1.310 vw 842 HoGFe2 3 
1.220 vw 600 Ho2Fe1 1 
1.210 vw 771/933 Ho6Fe23 
1.200 w 306 Ho2Fe17 
1.163 w 951/773 Ho6Fe23 
1.129 vw 522 Ho2Fe17 
1.057 w 440 Ho2Fe17 
1.052 M 1131/971 Ho6Fe23 
1.047 w 1044/882 n 
1.044 w 416 Ho2Fe17 
1.032 vw 1060/866 Ho5Fe23 
.993 vw 1151/777 It 
.986 w 336 Ho2Fe17 
.976 M 1222/1064 Ho6Fe23 
H. COMPOSI'l'ION: 63 weight percent iron 
PHASES PRESENT: Ho2Fe17r Ho5Fe23 
90 
0 
d (A). Io hkl Phase 
3.45 vw 222 HoGFe2 3 
2. 94 .w 112 Ho2Fe11 
2.74 vw 331 HosFe2s 
2.44 M 422 11 
2.30 !-'1 511/333 II 
2.19 w 203 Ho2Fe11 
2.12 M 440 HosFe2 ~ 
2.10 M 302 Ho2Fe1 1 
2.06 w 004 II 
1.99 vw 600/442 HosFe2s 
1. 955 vw 213 Ho2Fe11 
1.882 vw 222 " 
1. 686 w 711/551 HosFe2s 
1. 565 vw 553/731 Ho5Fe2s 
1. 49 0 vw 412 Ho2Fe11 
1.479 vw 224 n 
1. 469 vw 733 Ho6Fe2 s 
1.418 w 660/822 II 
1 .. 390 V1~ 555/751 II 
1. 333 vl 332 Ho2Fe17 
1.320 vw 753 HosFe23 
1.310 vw 842 It 
1 .. 221 vw 600 Ho2Fe17 
1. 210 vw 771/933 HosFe23 
1. 200 vw 306 Ho2Fe17 
1 .. 180 vw 325 II 
91 
1.162 w 951/773 HosFe2s 
1.129 vw 522 Ho2Fe11 
1.116 vw 1040 HosFe2s 
1.057 w 440 Ho2Fe11 
1.051 M 1131/971 HosFe2s 
1.046 w 1044/882 II 
1.032 vw 1060/866 II 
.993 vw 1151/777 u 
.987 w 336 Ho2Fe11 
.976 M 1222/1064 HosFe2s 
I. COMPOSITION: 60 weight percent iron 
PHASES PRESENT: Ho2Fe17, HosFe2s 
0 
d (A) Io hkl Phase 
3.46 w 222 HosFe2s 
2.99 vw 400 .. 
2.94 vw 112 Ho2Fe17 
2.74 w 331 HosFe2s 
2.44 M 422 . II 
2.30 s 511/333 II 
2.12 M 440 II 
2.09 M 302 Ho2Fe17 
2.07 vw 004 II 
2.00 vw 600/442 HosFe2 s 
1.684 w 551/711 II 
1.565 w 553/731 II 
1.470 w 733 II 
92 
1.419 w 660/822 Ho6Fe2a 
1 .. 387 w 751/555 1! 
1.331 vw 332 Ho2Fe1 1 
1.320 vw 753 Ho6Fe2s 
1.313 vw 842 II 
1.230 w 844 11 
1.209 w 933/771· fl 
1.203 w 306 HozFe17 
1.180 vw 325 II 
1.163 M 951/773 Ho6Fe23 
1.117 vw 1040 tl 
1.064 vw ·880 II 
1.052 w 1131/971 II 
1.04 7 w 1044/882 Ho6Fe23 
1.032 w 1060/866 II 
.993 w 1151/777 II 
.987 vw 336 HozFe17 
.976 s 1222/1064 HosFe23 
J. CONPOSITION: 58 weight percent iron 
PHASES PRESEN'l': Ho2Fe11r HosFe23 
0 
d (A) Io hkl Phases 
3.45 w 222 Ho5Fe23 
3.00 vw 400 n 
2.74 w 331 " 
2.44 w 422 tf 
2.31 s 511/333 " 
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2.12 M 440 HosFe2s 
2.10 vw 302 Ho.2Fe11 
2.00 vw 600/442 HosFe23 
1.685 w 551/711 If 
1.565 w 553/731 If 
1. 468 w 733 " 
1.418 M 660/822 " 
1. 3.88 w 751/555 II 
1.320 vw 753 II 
1.314 vw 842 n 
1.228 w 844 II 
. 
1.209 w 933/771 II 
1.162 M 951/773 II 
1.116 vw l040 II 
1.063 vw 880 11 
l.05l w 1l31/971 11 
1.047 w 1044/882 II 
1.032 w 1060/866 I! 
1.016 vw 1062 II 
1.003 vw 1200/884 II 
.992 w ll51/777 II 
.976 s 1222/1064 " 
K. COMPOSITION: 56.5 v-;eight percent iron 
PHASES PRESENT: HozFe17, HosFe2 s 
0 
d (A) Io hk1 Phase 
3.46 w 222 HosFe23 
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3.00 w 400 HosFeza 
2.75 w 331 rr 
2.45 w 42~ II 
2.31 s 511/333 fl 
2.12 M 440 " 
2.10 vw 302 Ho2.Fe17 
2.00 vw 600/442 HosFeza 
1.685 w 551/711 II 
1.565 w 553/731 " 
1.470 w 733 .. 
1.419 M 660/822 If 
1.390 w 751/555 " 
1.321 vw 753 n 
1.31.3 vw 842 II 
1.230 M 844 If 
1.210 M 933/771 " 
1.162 M 951/773 " 
1.117 w 1040 p 
1. 064 vw 880 " 
1.052 !-1 1131/971 II 
1.048 M 1044/882 IJ 
1.032 M 1060/866 rr 
1~01.6 vw 106"2 " 
1.003 vw 1200/884 11 
.993 M 1151/777 Jl 
.976 s 1222/1064 n 
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L. COHPOSITION: 55 weight percent iron 
PHASE PRESENT: Ho 6 Fe 23 
0 
d (A} Io hk~' ... Phase 
3.42 w 222 Ho 6 Fe 23 
2.98 w 400 " 
2.74 w 331 11 
2.44 w 422 II 
2.30 s 511/333 " 
2.12 s 440 II 
2.02 vw 531 ., 
1.99 w 600/442 II 
1.685 w 551/711 II 
1.665 vw 640 " 
1.565 w 553/731 n 
1.502 vw 800 " 
1.470 M 733 II 
1.416 M 660/822 II 
1.389 w 751/555 II 
1.342 vw 840 II 
1.320 w 753 " 
1.310 vw 842 n 
1.260 vw 931 11 
1.228 M 844 II 
1.208 M 933/771 II 
1.1.80 vw 1020/862 II 
1.163 ~1 951/773 n 
1.11.6 w 1040 n 
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1. 064 M 880 Ho6Fe2 3 
1. 052 M 1131/971 " 
1.046 M 1044/882 " 
1.032 M 1060/886 " 
1.016 vw 1062 " 
1.003 vw 1200/884 II 
.993 M 1151/777 n 
.976 s 1222/1064 II 
. M. COMPOSITION: 53 weight percent iron 
PHASES PRESENT: Ho6Fe23, HoFe3, HoFe2. 
0 
d (A) Io hk1 Phase 
3.45 w 222 HoGFe23 
2.99 w 400 II 
2.75 w 331 " 
2.54 vw 110 · HoFea 
2.44 w 422 Ho6Fe2 3 
2.31 s 511/333 It 
2.20 vw 311 HoFe2 
2.16 w '116 HoFea 
2.12 s 440 HosFe2 3 
2.00 vw 600/442 If 
1.685 w 551/711 II 
1 .. 664 vw 640 II 
1.565 w 553/731 n 
1.503 vw 217 HoFea 
1.468 l-1. 733 HosFe2 s 
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1.416 M 660/822 Ho6Fe2s 
1.386 w 751/555 11 
1.310 vw 842 II 
1.273 VVl 220 HoFe3 
1.228 w 844 HosFe23 
1.209 w 933/771 11 
1.163 w 951/773 11 
1.116 vw 1040 II 
1.063 vw 880 II 
1.051 w 1131/971 " 
1.047 M 1044/882 II 
1.032 w 1060/866 II 
1.017 vw 1062 " 
.993 w 1151/777 " 
.976 s 1222/1064 .. 
N. COMPOSITION: 52 weight percent iron 
PHASES PRESENT: HosFe2·3, HoFes, HoFe2 
0 
d (A) Io hkl Phase 
2.74 M 107 HoFe 3 
2.54 w 110 II 
2.50 w If 
2.44 w 422 HosFe23 
2 .. 31 s 511/333 .,, 
2.19 w 311 HoFe2 
2.16 M 116 HoFe3 
2.12 M 440 HosFe23 
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2.04 vw 0012 HoFe 3 
2.00 vw 205 If 
1. 685 w· 551/711 Ho6Fe23 
1.665 vw 640 If 
1. 632 vw 0015 HoFe 3 
1.565 w 553/731 Ho6Fe23 
1.503 vw 217 HoFe3 
1.467 M 733 Ho6Fe2s 
1.415 M 660/822 n 
1.385 M 751/555 " 
1.371 VVJ 2014 HoFe3 
1.273 w 220 n 
1.228 w 844 Ho6Fe23 
1.208 M 933/771 If 
1.162 w 951/773 II 
1.117 vw 1040 " 
1.0 83 vw 404 HoFe 3 
1. 068 vw 2020 If 
1. 052 w 1131/971 HosFe2s 
1.047 w 1044/882 " 
1. 032 w 1060/866 u 
l. 017 ~'l 1062 II 
.993 w 1151/777 II 
.976 M 1222/1064 11 
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o. COMPOSITIONS: BoFe 3 
PHASES PRESENT: Bo 6 Fe 23 , HoFe 3 , HoFe 2 
0 
d (A) Io hkl .. .Pha.se 
2.74 M 107 HoFe 3 
2.54 M 110 " 
2.50 w 11 
2.44 vw 422 Ho 6 Fe 2 3 
2.31 w 511/333 " 
2.20 w 311 HoFe 2 
2.16 s 116 HoFe 3 
2.12 w 440 Ho 6Fe 23 
2.07 vw HoFe 3 
2. 04 vw 0012 n 
2.00 vw 600/442 Ho 6 Fe 23 
1.98 vw 205 HoFe 3 
1. 6·22 w 0015 " 
1 .. 565 w 553/731 Ho 6 Fe2 a 
1.505 M 217 HoFe 3 
1.470 M 733 Ho 6 Fe 23 
1.440 w 1016 HoFe3 
1.415 w 660/822 Ho 6 Fe2s 
1.385 w 306 HoFe 3 
1.370 w 201Zl 11 
1.338 mv II 
1.275 M 220 n 171.043 
1..209 w 2017 'tf 
1.180 w 315 11 
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1.163 w 951/773 .HosFe2.a 
1.155 w 229 HoFe 3 
1.139 w 318 11 
1.115 vw 1040 HosFe2a 
1.094 vw 3015 HoFes 
1.083 w 404 II 
1.074 vw 3111 II 
1.068 w 2020 II 
1.063 M 880 HosFe2a 
1.048 vw 1044/882 tl 
1.033 vw 1060/866 u 
1.006 M 3114 HoFea 
1.002 vw 1200/884 HosFe2 a 
."993 w 1151/777· If. 
.976 w 1.222/1064 II 
.075 M 642 HoFe 2 
P. COMPOSITION: 48 weight perce.nt iron 
PHASES PRESENT: HoFe 3 , HoFe2 
0 
d (A) Io hk1 Phase 
2.74 w 107 HoFea 
2.54 w 11.0 II 
2.50 w n 
2.20 M 311 HoFe2 
2.15 s 116 HoFea 
2.07 vw II 
2.04 vw 0012 II 
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1.98 vw 205 HoFea 
1.633 w 0015 II 
1.505 w 217 .. 
1.470 w 300 1f 
1.438 w 1016 II 
1.390 vw 306 .. 
1.370 vw 2014 n 
1.340 vw " 
1.275 M 220 II 
1.209 w 2017 u 
1.157 w 620 HoFez 
1.139 w 318 HoFe 9 
1.082 w 404 II 
1.062 w 2020 " 
1.005 M 3114 " 
.975 M 642 HoFez 
Q. COMPOSITION: 45 weight percent iron 
PHASES PRESENT: HoFe 3 , HoFe2 
0 
d (A) Io 'hkl Phase 
2.74 w 107 HoFea 
2 .. 56 w 220 HoFe2 
2.53 w 110. HoFes 
2.50 w 11 
2.20 s 311 HoFe2 
2.15 M 116 HoFes 
2.10 w 222 HoFe2 
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2.07 vw HoFe3 
2.04 vw 0012 " 
1. 98 w 205 Jl 
1.668 vw 331 HoFe2 
1.633 w 0015 HoFes 
1.505 w 217 II 
1.490 w 422 HoFe2 
1.470 w 300 HoFes 
1.438 w 1016 " 
1. 405 M 511/333 HoFe2 
1.385 w 306 HoFe3 
1.370 w 2014 II 
l.290 w 440 HoFe2 
1.275 w 220 HoFe3 
1.209 w 2017 II 
1.155 M 620 HoE'e2 
1.138 w 318 HoFes 
1.112 w 533 HoFe2 
1.082 w 404 HoFeg 
1.061 w 2020 II 
1.023 vw 551/711 HoFe2 
1.005 w 3114 HoFe3 
.975 vs 642 HoFe2 
R. COMPOSITION: HoFe2 
PHASE PRESENT: HoFe2 
0 
d (A) Io hk1 Phase 
4 .. 20 w 11!· HoFe 2 
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2.57 s 220 HoFe2 
2.19 vs 311 " 
2.09 w 222 n 
1.670 w 331 II 
1.489 M 422 II 
1.405 M 511/333 II 
1.290 M 440 II 
1.154. M 620 1i 
1.113 w 533 II 
1. 023 w 551/711 ,. 
.975 vs 642 II 
s. COMPOSITION: 35 weight percent iron 
PHASES PRESENT: HoFe2, Ho 
0 
d{A) Io hk1 Phase 
4.20 w 111 HoFe2 
2.80 vw 002 Ho 
2.71 w 1-01 II 
2.57 s 220 HoFe2 
2.20 vs 311 " 
2.10 w 222 II 
1.670 w 331 II 
1.490 M 422 n 
1.405 M 511/333 II 
1.292 M 440 II 
1.235 vw 531 II 
1.155 .M. 620 n 
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1.113 w 533 HoFe 2 
1.102 vw 622 .. 
1.023 w 551/711 II 
.975 vs 642 " 
T. COMPOSITION: 30 weight percent iron 
PHASES PRESENT: HoFe2, Ho 
0 
d (A) Io hk1 Phase 
4.20 w 111 HoFe2. 
3.09 w 100 Ho 
2.80 w 002 II 
2.70 M 101 II 
2.57 M 220 HoFe2 
2.19 s 311 II 
2.10 w 222 " 
1.770 w i10 Ho 
1.602 w 103 II 
1.504 w 112 II 
1.488 M 422 HoFe2 
1.405 M 511/333 II 
1.290 M 440 " 
1.155 w 620 II 
1.145 w 211 Ho 
1.114 w 533 HoFe2 
u. COMPOSITION: 20 weight percent iron 




.I.o. hk1 .Phase ....... 
4.20 w 111 HoFe 2 
3.09 M 100 Ho 
2.79 w 002 " 
2.69 vs 101 II 
2 .. 56 M 220 HoFe 2 
2.19 s 311 " 
2.07 ~'l 102 Ho 
1.770 w 110 II 
1.602 w 103 n 
1.505 w 112 n 
1.488 w 422 HoFe2 
1.403 w 511/333 " 
1.290 w 440 II 
1.153 w 620 II 
1.145 w 211 Ho 
v. COJY'".tPOSITION: 10 weight percent iron 
PHASES PRE~SEN'r: HoFe2, Ho 
0 
d (A) Io hk1 Phase 
3.09 M 100 Ho 
2.80 w 002 ,. 
2.70 vs 101 II 
2.56 'V'J 220. HoFe 2 
2.19 M 311 " 
2.07 w 102 Ho 
1.770 w 110 n 
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1.602 w 103 Ho 
1.505 w 112 II 
1 .. 490 M 201 rt 
1.405 w 511/333 HoFe2 
1.195 w 203 Ho 
1.145 w 211 II 
1.105 vw 114 II 
1.080 vw 212 tl 
1.057 w 105 II 
.994 M 213 " 
].07 
APPENDL'C C 
DATA USED IN THE HosFe 2 s CALCULATIONS 
A least.·-squares refinement· pr?gram was used for both 
F~ and F~ of the HosFe2s. The results of the nuclear and 
magnetic refinements are present.ed in Table III. In order 
to reduce the number of equivalent positions, the rhombo-
hedral cell was used for the refinement gi"',ren in Table III. 
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A. Transformati.on of hkl from Cubic to Rhombohedral • 
. . . . . . . ... ~ . 


















B. Atomic pos·iticns and parameters (A) in HosFe2s and the· 
temperature factors (w). 





4 Fe in (b) special positions w 
--
1.0 
24 Fe in (d) special positions w - 0.7 
32 Fe in (f) 't.Vith X 
-· 0.176 w - 0.3 
32 Fe in (f) with X - 0.378 w - 0.4 
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c. Magne.tic moments used for the. .Ho 6Fe2 s calculations. 
24 Ho in (e} 9.3 ~B 
4 Fe. in (b) 2.4 JlB 
24 Fe in (d) 1.9 llB 
32 Fe in (f) 2.4 ~B 
32 Fe in (f) 2.4 llB 
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